The reduction of particle and heat fluxes to plasma-facing components is critical for achieving stable conditions for both the plasma and the plasma material interface in magnetic confinement fusion experiments. A stable and reproducible plasma state in which the heat flux is almost completely removed from the material surfaces was discovered recently in the Wendelstein 7-X stellarator experiment. At the same time also particle fluxes are reduced such that material erosion can be mitigated. Sufficient neutral pressure was reached to maintain stable particle exhaust for density control in this plasma state. This regime could be maintained for up to 28 seconds with a minimal feedback control.
INTRODUCTION
The creation of an interface between a high-performance fusion plasma (plasma density of order of 10 20 m −3 , plasma temperatures of order of a few keVs, i.e. 10 8 K) and material surfaces is a grand challenge in fusion energy research. This is especially true for tokamaks, which are characterized by narrow heat exhaust channel at the plasma edge [1] . A plasmamaterial interaction, however, is unavoidable because plasma energy confinement is imperfect and the helium as fusion product needs to be exhausted. For steady state plasma conditions in future reactor, heat fluxes in the order of 5 MW m −2 [2] and particle fluxes of > 10 23 m −2 s −1 [3] are expected. At the same time the sufficient particle exhaust needs to be assured to allow for efficient control of plasma particle reservoir and helium exhaust. One elegant way to cope with these unprecedented particle and energy fluxes onto material surfaces is to dissipate heat in the plasma before reaching these surfaces, such that heat flux becomes marginal and particle fluxes become strongly reduced. This state is called detachment and it is characterized by significant power flux reduction and plasma pressure losses along a magnetic field line. Detachment results from an interplay of a variety of non-linear physics processes governing interaction between the neutral particles released from the material surfaces and steep density and temperature gradients in the plasma in front of the surface [4] . In the recently started Wendelstein 7-X (W7-X) stellarator experiment, a magnetic island structure (FIG. 1) in front of dedicated surfaces areas is used to define the plasmamaterial interface. This so-called island divertor geometry allowed the achievement of a stable detachment regime.
Wendelstein 7-X is the largest advanced stellarator with a major radius of 5.5 m and an average minor radius of ca. 0.5 m. Utilizing superconducting coils a magnetic field of 2.5 T is achieved [5] . Experiments discussed here used electron cyclotron resonance heating (ECRH) to inject power into the plasma. One of the main goals of W7-X is to demonstrate that stellarators can be operated in steady state with a reactor relevant concept of heat and particle exhaust. This is realized with help of so called island divertor, which consists of 10 discrete divertor units mounted in 5 almost identical modules of the plasma vessel [6] following first realization at Wendelstein 7-AS [7] . Each of the divertors utilizes poloidally extended magnetic islands at the plasma boundary to direct heat and particle towards the towards the targets where they are re-released as recycled neutrals. A fraction of neutrals is guided through a pumping gap between divertor target plates to a sub-divertor volume and from there pumped away by turbo-molecular pumps.
We will show that a stable state with virtually vanishing heat fluxes, reduced particle fluxes and still sufficient neutral pressures for good particle exhaust and stable density control at Wendelstein 7-X can be reached with minimal control needs (i.e. by controlling plasma density) in a reliable fashion and held constant for up to 28 s, well in excess of a hundred energy confinement times and time required to saturate the first wall neutral particle reservoir. 
STABLE HEAT FLUX DETACHMENT WITH REDUCED PARTICLE FLUX
A stably detached divertor plasma state has been achieved during the most recent experimental campaign (2017 − 2018) by raising the line integrated density of the plasma to 1.1 · 10 20 m 2 , where it was kept constant with a feedback control. This is shown in FIG.
2.
Here, the peak heat flux q peak to the divertor target is shown on the left vs. time. The red trace shows an average for all upper modules and the blue trace for all lower modules.
Due to edge particle drifts at Wendelstein 7-X [8] , power loads to lower divertors are higher than to the upper ones (in plasmas with nominal B-field direction) in the attached stated.
In the fully attached state lower divertors almost reach 3.5 MW/m 2 at t ≈ 2.5 s, which decreases in fully detached state (for t > 3 s) below 0.5 MW/m 2 . Both averaged peak heat flux values reach this level and hence the up/down asymmetry of the divertor units vanishes during detachment [8] . Also it is important to note that the drop in the peak heat flux 1.8% concentration of carbon throughout whole discharge).
ONSET OF DETACHMENT
Detachment in W7-X is realized by increasing plasma radiation, which happens through increasing the plasma density. The main impurity during the experiments at W7-X was carbon that is intrinsically produced by surface material erosion in the divertor. For a given carbon concentration, the amount of power radiated from the impurity is given by n C · n 2 e · L z (n e , T e ), where n C denotes concentration of carbon impurities, n e , T e -plasma density and plasma temperature and L z is the radiated power function. Therefore it is reasonable to expect that lower concentration of carbon is required at high densities to reach the same level of radiation. Numerical studies of detachment at W7-X with EMC3-Eirene [9] predict that an optimum of plasma radiation (P rad ) required for effective power dissipation while maintaining sufficient neutral pressure (p n ) for effective neutral particle pumping is reached for P rad > 70% of total input power. This is a first experimental verification of the numerical predictions for the island divertor concept, where the interrelation of radiative power losses and the detached divertor conditions manifests itself as predicted in this numerical study.
An example of such a discharge (#20180814.024) is presented in Figure 4 . This discharge Pa) is measured in the divertor pumping entrance domain. Only when the radiated power level exceeds about 80% the divertor pressure starts to drop as predicted by EMC3-Eirene simulations [9] . Initially p n decreases only slightly, however, when approaching ca. 80% radiation reduction rate becomes stronger. Estimates of total pumping rate for detached discharges at ca. 0.6 · 10 21 [atoms/s] show that at these densities we reached particle exhaust at the level compatible with steady-state operation.
FIG.5 presents the relation between particle flux measured by the cameras equipped
with an H α filter observing 9 out of 10 divertors and neutral pressure measured by a neutral pressure gauge mounted at the pumping slit of the divertor in module 3. Additionally, the graph is extended by the ion saturation current measured by a Langmuir probe located close to the strike line on the surface of the divertor in module 5. Both curves show that increasing neutral pressure is associated with reduced ion flux. High neutral pressure is assured through high recycling of neutrals, which are eventually guided to the pumping gap of the divertor and further to the sub-divertor volume. This is a fundamentally different mechanism for access to detachment than discussed in tokamaks (see for instance [10] ) with carbon first wall. There, momentum losses along the magnetic flux channel into the divertor are increasing in the high-recycling regime and eventually reduce the parallel particle flux such that the recycling in the divertor is reduced and also neutral pressures decrease [11, 12] .
Spectroscopic measurements of Balmer-series of hydrogen emission ca. 1 cm above the divertor surface made in another, but similar, detached discharges (e.g. W7-X #20181016.009)
shows that with increasing line integrated densities a strong increase in electron density densities near separatrix (n e,sep is in the range 4 − 6 · 10 19 [m −3 ]). This difference between upstream and downstream density indicates that divertor operates in high recycling regime.
The high recycling regimes (which up to now were only observed on tokamaks) are characterized by a dense divertor plasma, which allows the hydrogenic species in the divertor region to undergo multiple cycles of ionization followed by neutralization on the divertor target plates, before being pumped away. With such high divertor densities we are at the onset of volume recombination, but the amount is still small (ca. 5%) and other processes are expected to be dominant. Recycling neutrals emitted from the target are released as H 2 molecules at wall temperature and trough processes like ionization and charge exchange are kept in the divertor domain. EMC3-Eirene simulations suggest that the charge exchange neutrals undergo a diffusion-like process and at high density form a 'diffusion barrier' [9] .
SUMMARY
A regime of stable, thermally fully detached island divertor regime with small divertor particle fluxes but still sufficient divertor neutral pressures at Wendelstein 7-X was shown for the first time. Also for the first time in stellarators the high recycling regime was realized, which yielded high neutral concentration in the divertor region. It was possible to establish scenarios with high radiation fraction (at the level of 80-90%) originating from the carbon ions, low impurity concentration (Z eff = 1.5) and high neutral pressure (p n = 0.07 Pa), which is compatible with steady state operation of Wendelstein 7-X. Most importantly discharges with duration of up to 30 seconds could be performed with uncomplicated feedback control.
Plasma radiation was a dominant mechanism for dissipation of energy. As the radiation characteristics (L z ) of carbon is similar as for nitrogen results obtained here should to a large extent be valid for detachment aided with nitrogen seeding [13] . The results presented in this work form a very promising outlook on the overall steady state compatibility of the detached island divertor concept in future experiments and a stellarator-based reactor.
